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(54) X-ray microscope. 



(§) A method and device for imaging an object illuminated by an X-ray beam, through a zone plate, is 
disclosed. A concave mirror with a multilayered film is disposed on a path of the X-ray beam to reflect 
the same and collect the same onto the object. 
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FIELD OF THE INVENTION AND RELATED ART 

This Invention relates generally to an X-ray micro- 
scope. 

In X-ray microscopes, there are contact type, 
scan type and imaging type. Of these types, the imag- 
ing type microscope has highest spatial resolution 
and, therefore, many studies have been made to this 
along developments of X-ray optical elements. 

Generally, an Imaging type X-ray microscope 
comprises a light source, an illumination optical sys- 
tem (illumination system), a sample (subject of obser- 
vation), an imaging optical system (imaging system) 
and a detector. The spatial resolution of an X-ray 
microscope differs with an optical element used as the 
imaging optical system. Examples of optica! element 
usable as the imaging optical system are a Fresnel 
zone plate, a grazing incidence reflector and a mul- 
tilayered-film reflector. The theoretical resolution of 
an imaging optical system that uses a Fresnel zone 
plate Is of the order of the width of the outermost ring 
zone. Actually, with this type of imaging optical sys- 
tem, a resolution of about 50 nm is attainable. 

With an imaging system using a grazing inci- 
dence reflector, the theoretical resolution is about a 
few times the wavelength. However, in this type imag- 
ing system, the roughness or configuration error of the 
reflection mirror surface affects the resolution. There- 
fore, to attain the theoretical resolution, high precision 
is required in respect to the surface roughness and 
configuration. By way of example, a precision of 
nanometer order will be necessary. 

Generally, to attain such mirror surface machin- 
ing precision is very difficult. As a result, at present, 
the resolution of a Wolter type mirror optical system 
that uses a grazing incidence reflector is as low as 
about 1 micron. 

As for an imaging optical system using a mul- 
tilayered-film reflector, high surface precision and 
configuration precision are required as in the imaging 
optical system using a grazing incidence reflector. 
Additionally, in respect to the film thickness precision, 
extraordinarily high precision of 1/10 nm order is 
required. Consequently, it is very difficult to attain high 
resolution, as with the case of an optical system using 
a grazing incidence reflector. For these reasons, cur- 
rently, many X-ray microscope studies are being 
made in respect to ones of the type that the imaging 
optical system comprises a Fresnel zone plate. 

Generally, a Fresnel zone plate has a low diffrac- 
tion efficiency, and in many cases the X-ray micro- 
scope should be equipped with a bright light source or 
a bright illumination system. Frequently, synchrotron 
radiation light is used as a light source. In some 
cases, as a brighter light source, an insertion type 
light source such as undulator or the like is used. 
Since, however, there are many limitations in increas- 
ing the luminance of a light source, it is strongly des- 



ired to improve the energy efficiency of an illumination 
system to thereby increas the brightness. 

Conventional X-ray microscope having a Fresnel 
zone plate in its imaging system uses a concave dif- 

5 fraction grating or a Fresnel zone plate in its illumi- 
nation system. These elements have a light collecting 
function for attaining a bright 91 umi nation system as 
well as a spectroscopic function for selection of a 
beam of a particular wavelength or wavelengths. Also, 

10 there is a case wherein a flat diffraction grating and a 
concave mirror are used in combination, with the 
spectroscopic function and the light collecting func- 
tion being provided separately. 

15 SUMMARY OF THE INVENTION 

Generally, a Fresnel zone plate used in an illumi- 
nation system has alternately disposed transparent 
concentric ring-like zones (transparent with respect to 

20 X-ray, for example) and non-transparent concentric 
ring-like zones (non-transparent with respect to X- 
ray). The total area of the non-transparent zones is 
about a half of the whole area, and about 50 % of light 
is blocked. Also, about a half of the remaining 50 % 

25 is not diffracted and goes straight Thus, if such an 
amplitude type Fresnel zone plate is used, there is an 
inconvenience of a large decrease in light quantity. 

With respect to positive and negative first orders, 
even an idealistically fabricated Fresnel zone plate 

30 has a low diffraction efficiency which is not greater 
than 10 %. In an attempt to increasing such a low dif- 
fraction efficiency, a Fresnel zone plate (phase type 
Fresnel zone plate) wherein a non-transparent portion 
is formed by a thin film to provide a phase shift of «, 

35 has been proposed. The diffraction efficiency of such 
phase type Fresnel zone plate with respect to the 
positive and negative first orders is about 10-30 %. 
In order to reduce absorption of the phase type Fres- 
nel zone plate and to reduce the phase difference, the 

40 film thickness should be maintained thin and constant 
with good precision. Inconveniently, therefore, with 
this method it is not easy to obtain a large area. While 
a Fresnel zone plate having a very thin substrate of 
polyimide or silicon nitride has been proposed, it 

45 depends on the possibility of reducing the film thick- 
ness and attaining high precision. Therefore, inconve- 
niently it is still difficult to obtain a large area. 

If a concave diffraction grating or a flat diffraction 
grating is used in combination with a concave mirror 

50 to provide an illumination system, because of low ref- 
lectivity of the diffraction grating or the mirror, it is dif- 
ficult to attain sufficient brightness. Further, since the 
wavelength resolution is higher by one order or more 
than that of the Fresnel zone plate, a beam of 

55 unnecessarily narrowed bandwidth is extracted. As a 
result, it is not easy to obtain a bright illumination sys- 
tem. 

In conventional X-ray microscopes as described 
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abov , the efficiency of energy use is low, and a bright 
image is not formed and thus is not detected. 

It is accordingly a primary object of the present 
invention to provide an imaging method or image 
detection method having a good energy efficiency. s 

It is another object of the present invention to pro- 
vide an imaging system or X-ray microscope having 
a good energy efficiency. 

In accordance with one aspect of the present 
invention, there is provided a method of imaging an w 
object illuminated by an X-ray beam, through a zone 
plate, characterized in that: a concave mirror with a 
multiiayered film Is disposed on a path of the X-ray 
beam to reflect the same and collect the same onto 
the object. 15 

In accordance with another aspect of the present 
invention, there is provided a method of imaging an 
object illuminated by an X-ray beam, through a zone 
plate, to detect an image of the object, characterized 
in that a concave mirror with a multiiayered film is dis- 20 
posed on a path of the X-ray beam to reflect the same 
and collect the same onto the object 

In accordance with a further aspect of the present 
invention, there is provided an imaging system, com- 
prising: a concave mirror with a multiiayered film, for 25 
reflecting X-rays from an X-ray source to collect them 
onto an object; and a zone plate for forming an image 
of the object irradiated with the X-rays. 

In accordance with a yetfurther aspect of the pre- 
sent invention, there is provided an X-ray microscope, 30 
comprising: an X-ray source for supplying X-rays; a 
concave mirror with a multiiayered film, for reflecting 
the X-rays and collect them onto a sample; a zone 
plate for forming a magnified image of the sample 
irradiated with the X-rays; and a detector for detecting 35 
the formed image. 

In accordance with yet another aspect of the pre- 
sent invention, there is provided a method of imaging 
an object illuminated by an X-ray beam, characterized 
in that the X-ray beam is reflected by a multiiayered 40 
film mirror and is collected onto the object thereby; 
and that the object is imaged through a zone plate. 

In accordance with a further aspect of the present 
invention, there is provided a method of detecting an 
image of an object illuminated by an X-ray beam, 45 
characterized in that: the X-ray beam is reflected by 
a multiiayered film mirror and is collected onto the 
object thereby; and that the object is imaged through 
a zone plate. 

These and other objects, features and advan- so 
tages of the present invention will become more appa- 
rent upon a consideration of the following description 
of the preferred embodiments of the present invention 
taken in conjunction with the accompanying drawings. 

55 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic view of a main portion of 



an X-ray microscope according to an embodiment of 
the present invention. 

Figures 2 and 3 are graphs each showing a rela- 
tionship between parameters P and W. 

Figure 4 is a schematic view of a main portion of 
an X-ray microscope according to another embodi- 
ment of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Figure 1 is a schematic view of a main portion of 
an optical arrangement according to an embodiment 
of the present invention. Denoted at 1 in Figure 1 are 
X-rays emitted by an X-ray source 100, and denoted 
at 2 is a multilayered-fiim concave reflection mirror 
having a smooth reflection surface for reflecting theX- 
rays 1 . The reflection mirror 2 has a substrate S on 
which multiiayered films L1, L2, L3, ... and Ln of a 
number (n) and of materials to be described later, are 
formed by deposition. Denoted at 3 is an object 
(sample) to be observed; at 4 is an imaging Fresnel 
zone plate; and at 5 is a detector. An image 6 of the 
object 3 is formed on the detector 5 surface. In this 
embodiment no diffraction grating is provided on the 
path of X-rays and only one muftilayered-film mirror is 
used. 

In the present embodiment the X-rays are reflec- 
ted by the multilayered-fUm concave reflection mirror 
2 and are collected on the object 3 surface. Simul- 
taneously, wavelength selection is effected to meet 
the wavelength to be used. The X-rays trans missively 
scattered (diffracted) by the object 3 are incident on 
the Fresnel zone plate 4. In response, the zone plate 
4 collects the received X-rays and forms an image 6 
of the object 3 upon the detector 5 surface. 

In the present embodiment, as an example, the 
light source 100 may comprise a synchrotron orbital 
radiation (SOR) source which emanates synchrotron 
radiation light The reflection mirror 2 may comprise a 
substrate having its surface polished into a parabolic 
face on which alternating layers of Cr (chromium) and 
C (carbon) are formed. 

X-rays emanating from the synchrotron radiation 
source may be partially blocked by an aperture means 
(not shown) and, as a result, a beam of 8 mm in a hori- 
zontal direction (parallel to the sheet of the drawing) 
and 3mm in a perpendicular direction (perpendicular 
to the sheet of the drawing) may impinge on the mul- 
tilayered-film concave mirror 2 surface. The mirror 
may preferably comprise a substrate S of silica 
polished into a paraboloid of revolution. As regards 
the configuration precision of the paraboioidal face of 
the mirror 2, an rror of -V3 (X » 632.8 nm) from an 
idealistic configuration will be adequate. As regards 
the surface roughness, a level of 2 Arms order is ade- 
quate. On such a substrate, alternate layers of Cr and 
C of a number of 501 (five hundred and one) may be 
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formed, with the configuration precision and the sur- 
fac roughness being substantially unchanged. The 
mirror 2 may be so set that the revolution plane of the 
paraboloid of revolution lies in a perpendicular plane 
and that the beam center (central beam of X-rays) is 5 
incident on the mirror at an angle of about 30 deg. as 
measured with respect to a perpendicular direction to 
the mirror surface. 

At the opposite end portions A and 8 of the X-ray 
beam 1 in a horizontal plane, the angle of incidence 10 
on the reflecting mirror may be 28.2 deg. and 31.7 
deg., respectively. As regards the thickness structure 
of the multilayered film of the reflecting mirror 2, the 
Cr layers L1 , L3, L5, ... and L501 and the C layers L2, 
L4, L6, ... and L500 may have the same thicknesses, 15 
respectively. Additionally, in order to avoid shift in 
wavelength of reflected lights from respective por- 
tions of the reflection mirror at the focal point thereof, 
in a horizontal plane a film thickness distribution may 
be provided along the reflection surface of the mirror. 20 
For example, at the end portion A of the X-ray beam, 
the film thickness may be 8.4 A (Cr layer) and 20.1 A 
(C layer) while at the end portion B of the X-ray beam 
it may be 8.6 A (Cr layer) and 21.0 A (C layer). Be- 
tween the end portions A and B, the film thickness 25 
may be continuously changed. The film thickness in 
the perpendicular direction may be constant 

In the present embodiment, there may be partial 
correspondence between the wavelengths of X-rays 
as reflected by the multilayered-film reflection mirror 30 
and the wavelengths of the X-rays as diffracted by the 
Fresnel zone plate. In order to avoid superposition of 
the zero-th order light (transmitted light) (which goes 
along the optical axis of the Fresnel zone plate 4) on 
the image 6 of the object as formed by the Fresnel 35 
zone plate 4, at an area on the reflection mirror adja- 
cent to a portion as irradiated by the center of the X- 
ray beam, the multilayered film structure may be 
destroyed by means of ion beam projection, in a cir- 
cular range of 1 00 micron diameter. With this destruc- 40 
tion, it may be assured that the object 3 is irradiated 
with a beam which is inclined with respect to the Fres- 
nel zone plate 4. In place of destroying the mul- 
tilayered film structure, such an area may be covered 
with by a low-reflectivity material or a material with an 45 
appropriate optica! constant in a sufficient thickness 
to attain low reflectivity. Alternatively, the multilayered 
film may originally formed except for such an area. 

In a design example according to this embodi- 
ment of the present invention, the reflectivity of the so 
concave reflection mirror 2 is about 30 % (wavelength 
= 50 A). With this reflection mirror, an X-ray beam of 
a wavelength 50 A is collected at a distance 66.7 mm 
(emission angle = 30 deg.), and the beam spot size is 
about 1 0 microns. If the object (sample) 3 to be obser- 55 
ved is placed at this position, the transmitted light pas- 
sing the object 3 is collected by the Fresnel zone plate 
4 upon the detector 5 surface, by which an image 6 is 



formed thereon. As regards the Fresnel z n plate 4, 
the radius of the innermost ring zon is 5.00 microns 
and that of the outermost ring zone Is 61 .44 microns. 
The number of the ring zones is 1 51 (one hundred and 
fifty five). The focal length is 5 mm. By placing an X- 
ray photographic film at the imaging position as the 
detector means 5 and by exposing the film, it Is poss- 
ible to detect the image 6. 

The X-ray path may be covered by a vacuum con- 
tainer while the object (sample) 3 may be placed in an 
atmosphere by using a sample holder (not shown) 
with its X-ray inlet and X-ray outlet being sealed by 
means of polyimide films. Where diatom is used as 
the sample 3 and it is irradiated with X-rays of 5 nm 
wavelength, the transmitted X-rays will form a sharp 
image 6. According to simulations, the projection 
magnification of the image 6 upon the X-ray film is 
150x and the resolution is about 0.3 micron. The 
necessary exposure time is about 0.05 sec (beam cur- 
rent = 150 mA). Such exposure time is very short as 
about 1/230 of that where a Fresnel zone plate of a 
radius 4.2 mm and ring zones of a number of 8001 
(eighty hundred and one) is used in the illumination 
system. Thus, with the present invention, a large 
increase in energy efficiency is attainable. 

With this embodiment of the present invention as 
described above, since a multilayered-film reflection 
mirror is used in the illumination system, it Is possible 
to easily fabricate a large area one as compared with 
a conventional illumination system using a Fresnel 
zone plate. Also, it is possible to provide a bright 
illumination system with a large reflectivity, wherein 
the wavelength resolution is not higher than required. 

In the present embodiment, assuming now that 
the center wavelength of used X-rays is X, the spectral 
half width at the center wavelength X is AX, the focal 
length and the radius of the Fresnel zone plate at the 
center wavelength X are f and rn, respectively, and the 
parameter P is set to be expressed by equation (1) 
which reads: 

P = 0.257831 x (fX/m 2 )(WAX) (1) 
then, the components are so set as to satisfy the fol- 
lowing relation: 

10-2si P ^ 10 (10 
Since X/AX in equation (1) is the wavelength resol- 
ution of the X-rays as spectrum-resolved by the mul- 
tilayered film, the parameter P represents the 
wavelength resolution of the illumination system. 

On the other hand, it is now assumed that, where 
a Fresnel zone plate 4 is used as an imaging element, 
the spatial resolution of the imaging element is 600 if 
an illumination beam comprises a monochromatic 
beam while it is Sx/AX if the wavelength resolution of 
the illumination system is Xf&X. Here, If a parameter 
W is set to be expressed by equation (2) which reads: 

W = (5 x /AX)/5oo (2) 
then the parameter W can be used as a parameter 
that represents degradation of the imaging perform- 
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ance of th imaging element due to chromatic aber- 
ration. 

Figures 2 and 3 each depicts the relation between 
the parameters P and W. it is clear from Figure 2 that, 
as the parameter P decreases, the parameter W s 
increases suddenly. Namely, as the wavelength re- 
solution P of the illumination system degrades (dec- 
reases), the imaging performance degrades quickly. 

Figure 3 depicts in a log-log graph the relation be- 
tween the parameters P and W. It is seen in this graph 10 
that, as the parameter P decreases, the relation of the 
parameters P and W becomes more rectilinear. 
Namely, in a region in which the parameter P is small 
(P ^ 1f>2), the following is provided: 

WaP- (3) f5 
From Figure 3, a is determined to be about 0.4. In the 
region in which the parameter P is small, the par- 
ameter W diverges exponentially with a negative 
exponent of the parameter P. The limit of starting 
divergence of the parameter W with an exponent of 20 
the parameter P, is P = 10-2 ^ P > 10 -2 the degra- 
dation of the imaging performance of the imaging ele- 
ment may be admitted. 

On the other hand, as the parameter P increases, 
the parameter W becomes close to "1 " and the imag- 25 
ing performance improves. If P = 1 , the imaging per- 
formance becomes substantially equal to that where 
monochromatic light is used. If the parameter P 
increases further, the imaging performance does not 
improve any more. To the contrary, the illumination 30 
light becomes dark and, at the wavelength resolution 
whereat P Si 10 is provided, the beam intensity 
reduces to a fraction or 1/10. Thus, the advantage of 
using the multilayered-film reflection mirror is dam- 
aged. 35 

For the foregoing reasons, in the present embo- 
diment, it is desirable to use in an illumination optical 
system such a muitilayered-film reflection mirror with 
wavelength resolution X/AX by which the parameter P 
is maintained in a range of 10-* to 10, preferably in a 40 
range of 3x1 0- 2 to 1. 

In the present embodiment, the wavelength resol- 
ution of the illumination beam obtainable from the mul- 
tilayered-film concave reflection mirror may be so set 
as to provide a parameter P of 0.222. This may ensure 45 
a bright illumination system with which a sufficiently 
bright illumination beam may be obtained and the 
exposure time may be reduced largely and, 
additionally, the resolution of the Fresnel zone plate 
may not be decreased. 50 

General features of the multilayered film of the 
reflection mirror of the present embodiment will be 
explained. 

The multilayered film of the present embodiment 
may include alternate layers of two materials having 55 
different optical constants. The reflectivity of this mul- 
tilayered film is determin d by the wavelength used 
and the materials used as well as th film thickness 



structure. Generally, such tw materials as having 
small absorption efficiencies with respect to a used 
wavelength and having a large difference in refractive 
index, may be selected and used. Such a material as 
having an absorption limit at a wavelength slightly 
shorter than a used wavelength may be used. How- 
ever, this is not a requisition since, in an observation 
instrument such as an X-ray microscope, the 
wavelength resolution of the multilayered film affects 
the resolution. Thus, by selecting two materials hav- 
ing small absorption efficiencies and having a small 
difference in refractive index and by increasing the 
number of alternate layers, it is possible to obtain a 
multilayered film of high reflectivity and high 
wavelength resolution. 

Generally, an X-ray reflector has a reflectivity of 
a few percentages to several ten percentages. It has 
been reported that a plane mirror with alternate layers 
of Rh and Si assured a reflectivity of about 80 % 
(wavelength = 130 A). Therefore, with a multilayered- 
film reflection mirror, it is possible to attain an energy 
efficiency several times or several ten times higher 
than the diffraction efficiency of a diffraction grating or 
a Fresnel zone plate. 

Also, with a multilayered-film reflection mirror, it is 
easy to obtain a large area mirror of a size of several 
ten millimeters and, therefore, it is possible to uses 
light from an X-ray source without a large loss. This 
is particularly effective where a divergence type 
source such as a laser plasma X-ray source or an 
electron beam X-ray source is used. As described 
hereinbefore, when a muitilayered-film reflection mir- 
ror is used to provide an imaging element, high pre- 
cision is required in respect to the substrate 
machining, the film thickness control of the mul- 
tilayered film and the like. In the present embodiment, 
however, a multilayered-film reflection mirror is used 
only in an illumination system. Only required for the 
mirror is that it converges the X-rays. Therefore, as 
compared with a case where it is used as an imaging 
system, not so high precision is required. 

Further, an additional advantage of a mul- 
tilayered-film reflection mirror is that the wavelength 
resolution is not too high. The resolution of a Fresnel 
zone plate used in an imaging optical system is of an 
order of the width of its outermost ring zone which 
depends on the number of ring zones. Also, the 
wavelength resolution of a Fresnel zone plate is deter- 
mined by the number of ring zones. Thus, the resol- 
ution and the wavelength resolution of a Fresnel zone 
plate are in a proportional relation. This means that a 
Fresnel zone plate having high resolution has high 
wavelength resolution and, therefore, the illumination 
system should have high wavelength resolution. If, 
however, the wavelength resolution of the illumination 
system is too high, the bandwidth of X-rays incident 
on the Fresnel zone plate becomes too narrow which 
renders the optical system dark. Since the resolution 
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of the device is determined by th width of th outer- 
most ring zon of the Fresnel zone plate, even if the 
bandwidth of X-ray is narrow, the resolution does not 
improve any more. For this reason, making the resol- 
ution of an illumination system too high is not prefer- 5 
able. 

In a tight collecting Fresnel zone plate con- 
ventionally used in an illumination optical system, if 
the area is made larger while retaining an appropriate 
focal length, the number of ring zones increases and 10 
the wavelength resolution increases. In many cases, 
the wavelength resolution of a light collecting Fresnel 
zone plate is higher by one order or more than that of 
an imaging Fresnel zone plate. Also, in the case of a 
diffraction grating, the wavelength resolution thereof 15 
is higher by one order or more than that of an imaging 
Fresnel zone plate. 

As compared therewith, the wavelength resol- 
ution of a mu I ti layered-film reflection mirror is of the 
same order of that of an imaging Fresnel zone plate. 20 
This is very effective in a case such as dynamic obser- 
vation of a living sample, for example, where a bright 
optical system is required although the resolution may 
not be very high. As compared with a case where a 
Fresnel zone plate or a diffraction grating is used in 25 
an illumination optical system, use of a multiiayered- 
fiim reflection mirror in an illumination optical system 
can provide an optical system which is brighter by 
several times than the former, even only in respect to 
the bandwidth selected. 30 

Further, in respect to the area to be irradiated with 
X-rays or the attainable reflectivity, the multilayered- 
film reflection mirror Is superior. Thus, it can provide 
a bright optical system. Therefore, the present embo- 
diment is very effective to an observation device whe- 35 
rein a bright optical system is required. 

A simplest form of light collecting optical system 
using a multilayered film may be provided by a mul- 
tiiayered-fflm reflection mirror having alternate layers 
of two different materials formed on a concave surface 40 
substrate. As X-rays are incident on the concave ref- 
lection mirror, they are spectrum-resolved and, at the 
same time, they are collected to irradiate a desired 
position of a sample (object). 

The surface configuration of the concave surface 45 
substrate may differ, depending on the type of X-ray 
to be incident thereon. For X-rays of substantially par- 
allel light such as synchrotron radiation, a paraboloid 
of revolution may be used. For divergent light from a 
point light source, an ellipsoid of revolution may be so 
used. If the focal length is long or the energy width is 
wide, an approximate sphere may be used. 

The thickness of the multilayered film can be 
determined by the X-ray wavelength to be used and 
the convergence conditions such as the angle of inci- 55 
dence. Generally, the film thickness is defined by 
alternate provision of two layers with constant 
thicknesses. However, in order to obtain a higher ref- 



lectivity, an appropriate film thickness structure may 
preferably be adopted. The multilay red film structure 
is not limited to alternate layers of two different mate- 
rials. To avoid roughness of interface or to prevent dif- 
fusion, one or more intermediate layers may be used. 
Where a curved surface mirror is used, the angle of 
incidence changes with the position of incidence even 
if a parallel beam is inputted thereto. In consideration 
of this, the film thickness of a multilayered film may 
preferably be determined so as to provide a thickness 
distribution on the curved face, to thereby provide a 
substantially even spectral distribution of reflected 
light as spectrum-resolved by respective portions of 
the mirror surface. 

Moreover, in consideration of convergence con- 
ditions of an optical system or limitations to device 
configuration, an optical system including plural mul- 
ti layered -film mirrors may be used. By way of 
example, an optical system of Wolter type or 
Schwaltshilt type may be used. 

Figure 4 is a schematic view of a main portion of 
an optical arrangement of a second embodiment of 
the present invention. 

In the present embodiment, an X-ray source com- 
prises a laser plasma X-ray source, and an Blumi- 
nation optical system includes a multilayered-film 
reflection mirror having a multilayered film structure 
formed on an ellipsoid of revolution. An imaging opti- 
cal system includes a Fresnel zone plate. 

Denoted in the drawing at 9 is a laser; at 10 is a 
laser light; at 11 is a target; at 12 are X-rays; and at 
13 is an X-ray cutting aperture means. Denoted at 14 
is a multilayered-film concave reflection mirror of 
cylindrical shape having a smooth reflection surface 
for reflecting the X-rays. It includes a mirror substrate 
S. On the inner cylindrical faces of the substrate, mul- 
tilayered films L1 , L2 t L3, ... and L501 of a number 501 
(five hundred and one) are formed. Denoted at 15 is 
an object (sample) to be observed. Denoted at 16 is 
a scattered light cutting aperture means, and denoted 
at 17 is an imaging Fresnel zone plate. Denoted at 18 
is a detector which comprises, for example, an X-ray 
photographic film for recording an enlarged image 19 
of the sample 15. Also in this embodiment, no diffrac- 
tion grating is provided on the X-ray path and only one 
multilayered-film reflection mirror is used. 

In a design example, the laser plasma X-ray 
source 1 00 uses a YAG laser of 1 .0 J/pulse and pulse 
width 10 ns, as the laser 9. The size of the light point 
on the target 11 is 10~ 2 mm 2 . As the target 11, Mo is 
used. The target 11 has a cylindrical shape and it is 
rotatabie about an axis parallel to its generating line, 
so as to change the pulse irradiation position continu- 
ously. 

In this design example, the substrate S of the mul- 
tilayered-film concave reflection mirror 14 has a cylin- 
drical (ring) shape of a height 120 mm. It may be 
provided by cutting an ellipsoid of revolution having a 
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major diameter of 424.3 mm and a minor diameter of 
300 mm, along its plane of revolution. As regards the 
configuration precision, an error of about X/2(X = 6328 
nm) from an idealistic configuration and surface 
roughness of 3 Arms are adequate. In this design s 
example, alternate layers of Ni and C materials of a 
total number of 501 (five hundred and one) are formed 
on the substrate surface. The angle of incidence of the 
X-rays is set to be 45 deg. at the center of the concave 
reflection mirror, and it changes continuously in the 10 
major axis direction of the mirror. At an end portion F 
of the region to be irradiated which portion is far from 
the X-ray source, the angle of incidence may be 43.1 
deg. At another end portion E which is near to the X- 
ray source, the angle of incidence may be 47.9 deg. 15 
In respect to the minor axis direction, there may be no 
distribution of incidence angle. The thickness of the 
multlayered film may have a distribution along the 
major axis of the reflection mirror. At the end portion 
E near to the X-ray source, it may be 6.7 A (Ni layer) 20 
and 24.2 A (C layer) (constant thickness layers). At 
the end portion F far from the X-ray source, the thick- 
ness may be 7.1 A (Ni layer) and 26.6 A (C layer) (con- 
stant thickness layers). Between the end portions E 
and F, the film thickness may change continuously. 25 
With regard to the minor axis direction, the film thick- 
ness of the multilayered films may be constant. The 
angle of emission of the X-rays may be set to be 45 
deg. 

The X-ray emitting point 11a and the object 30 
(sample) to be examined are placed at the focal point 
positions of the ellipsoid of revolution of the mul- 
tiiayered-fiim concave reflection mirror 14. The X-rays 
12 emitted by the laser plasma X-ray source 100 may 
be partially blocked by the aperture means 13, and the 35 
transmitted rays may be incident on the reflection mir- 
ror 14. The X-rays may be reflected by the reflection 
mirror and they may illuminate the sample 15. Thus, 
the sample 15 may be irradiated with beams inclined 
with respect to the optical axis of the Fresnel zone 40 
plate 17. The X-rays may be collected by the reflection 
mirror so as to form a beam spot of about 5 micron 
diameter, upon the sample 15 surface. Simul- 
taneously, the wavelength selection may be effected 
to the X-rays, and the center wavelength may be 4.5 45 
nm and the wavelength resolution MAX may be about 
170. 

As regards the Fresnel zone pate 17 for imaging 
the sample 15, in this design example, the width of its 
innermost ring zone is 4.24 microns and the width of 50 
its outermost ring zone is 60.15 microns. The number 
of ring zones is 201 (two hundred and one). In order 
to prevent transmission light (zero-th order light), 
advancing along the optical axis of the Fresnel zone 
plate, from directly impinging on the image 19 of the 55 
sample, the area of the Fresnel zone plate from the 
first to fourth ring zones from the inside are covered 
by an appropriate light blocking material so as to block 



the X-ray transmission. Th focal length of th zone 
plate is 4 mm. 

In this optical system, the parameter P (equation 
(1)) is set to be about 0.218, and the design is so set 
to satisfy a condition of 10r 2 m P s 10. By disposing 
an X-ray photographic film 1 8 at the imaging position 
and by exposing the same, the image 19 is detect- 
able. As the sample 15, a membrane of silicon nitride 
patterned by gold may be used. The exposure may be 
effected with the X-ray path being maintained with in 
vacuum. According to simulations, in this case, an 
image 19 can be formed with an enlarging magnifi- 
cation of 250x and a resolution of 25 microns. The 
exposure time is about 0.7 sec. which is about 1/460 
of that where a grazing incidence type troidal diffrac- 
tion grating without multilayered film is used. The 
reasons why the multilayered-film concave reflection 
mirror can provide an illumination system which is sig- 
nificantly brighter that the grazing incidence type 
troidal diffraction grating are that it has low 
wavelength resolution; it can collect X-rays of a large 
solid angle; and it has high reflectivity. 

While the invention has been described with 
reference to the structures disclosed herein, it is not 
confined to the details set forth and this application is 
intended to cover such modifications or changes as 
may come within the purposes of the improvements 
or the scope of the following claims. 



Claims 

1. A method of imaging an object illuminated by an 
X-ray beam, through a zone plate, characterized 
in that 

a concave mirror with a multilayered film is 
disposed on a path of the X-ray beam to reflect 
the same and collect the same onto the object 

2. A method of imaging an object illuminated by an 
X-ray beam, through a zone plate, to detect an 
image of the object, characterized in that: 

a concave mirror with a multilayered film is 
disposed on a path of the X-ray beam to reflect 
the same and collect the same onto the abject 

3. A method of imaging an object illuminated by an 
X-ray beam, characterized in that: 

the X-ray beam is reflected by a mul- 
tilayered film mirror and is collected onto the 
object thereby; and that the object is imaged 
through a zone plate. 

4. A method of det cting an image of an obj ct 
illuminated by an X-ray beam, characterized in 
that 

the X-ray beam is reflected by a mul- 
tilayer d film mirror and is collected onto the 
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object thereby; and that the object is imaged 
through a zone plate. 

5. An imaging system, comprising: 

a concave mirror with a muitilayered film, 
for reflecting X-rays from an X-ray source to col- 
lect them onto an object; and 

a zone plate for forming an image of the 
object irradiated with the X-rays. 

6. An X-ray microscope system, comprising: 

an X-ray source for supplying X-rays; a 
concave mirror with a muitilayered film, for reflect- 
ing the X-rays and collecting them onto a sample; 

a zone plate for forming a magnified image 
of the sample irradiated with the X-rays; and 

a detector for detecting the formed Image. 

7. An X-ray microscope system according to claim 
6, wherein said X-ray source comprises a laser 
and a target for receiving a laser beam from said 
laser and for producing X-rays. 

8. An X-ray microscope system according to claim 
6, wherein said X-ray source comprises a 
synchrotron. 

9. A method according to any of claims 1 to 4 or a 
system according to claim 5 or 6, wherein the mir- 
ror forms a reflected beam which is inclined with 
respect to an optical axis of the zone plate. 

1 0. A method or system according to claim 9, wherein 
the mirror has a first portion having a first reflec- 
tivity, for receiving a central portion of the X-ray 
beam, and a second portion having a second ref- 
lectivity, for receiving the remaining portion of the 
X-ray beam, and wherein the first reflectivity is 
lower than the second reflectivity. 

11. A method or system according to claim 10, whe- 
rein the first portion is not covered by the mui- 
tilayered film. 

12. A method or system according to claim 10, whe- 
rein at the first portion the muitilayered film struc- 
ture has been destroyed. 

13. A method according to any one of claims 1 to 4 
and 9, wherein a formed image of the object is 
detected with a ray emanating from the object 
along an optical axis of the zone plate being pre- 
vented from being superposed on the formed 
image. 

14. A method according to claim 13, wherein, with 
respect to a central portion of the zone plate and 
a plurality of ring zones of the zone plate around 



the c ntral portion, the advanc ment of a ray 
along the optical axis of the zone plat is blocked. 

15. A system according to any one of claims 5, 6 and 
5 9, further comprising a filter for preventing a ray, 

emanating from the object along an optical axis of 
said zone plate, from being superposed on the 
formed image. 

10 16. An X-ray microscope according to claim 15, whe- 
rein said filter is an apertured member. 

17. A system according to any one of claims 5, 6 and 
9, further comprising a blocking member for 

is blocking, with respect to a central portion of said 

zone plate and a plurality of ring zones of said 
zone plate around the central portion, the adv- 
ancement of a ray along the optical axis of said 
zone plate. 

20 

18. A method or system according to any one of 
claims 1 to 6, wherein the following condition is 
satisfied: 

0.1 ^ 0.257831 x [(fX)/(m)2] x (X/AX) Si 10 
25 where X is the center wavelength of the spectrum 

of a reflected beam to be collected on the object, 
AX is a half width of the spectrum, f Is the focal 
length of said zone plate with respect to the center 
wavelength, and m is the radius of said zone 
30 plate. 

19. A method or system according to claim 18, whe- 
rein the following condition is satisfied: 

0.3 =i 0.257831 x [(fX)/(rn)2] x (X/AX) ^ 1 

35 

20. A method or system according to any one of 
claims 1 to 6, wherein, with respect to a predeter- 
mined direction along the surface of said mirror, 
the thickness of said muitilayered film of said mir- 

40 ror changes so as to compensate a change in 

wavelength of a reflected beam dependent upon 
the position on said mirror. 

21. Apparatus for directing X-rays onto an object 
45 comprising a reflector having a multilayer film. 

22. A method of directing X-rays onto an object com- 
prising reflecting them from a reflector having a 
multilayer film. 

so 
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